The geophysical characteristics of the carbonate-dominated Ordovician succession is described using wire-line logging data from exploration wells located within the Swedish part of the Baltic Basin, both offshore and from the island of Gotland. The petrophysical properties and log-motifs are compared and correlated with the lithology of cores from the Hamra-10, Skåls-1 and Grötlingbo-1 wells on southern Gotland. The 80-125-m-thick Ordovician succession is divided into five log stratigraphic units O a -O e , which are correlated throughout the study area. The proposed log stratigraphy and wire-line log characteristics are evaluated and compared with the established Ordovician stratigraphy from the adjacent areas of Öland, Östergötland and South Estonia. The newly established log stratigraphy is also linked to the existing seismic stratigraphic framework for the study area and exemplified with a selection of interpreted seismic type sections from Gotland and the south Baltic Sea. The presented characterization, division and correlation provide a basis for understanding the lateral and vertical variation of the petrophysical properties, which are essential in assessing the sealing capacity of the Ordovician succession, in conjunction with storage of CO 2 in the underlying Cambrian sandstone reservoir.
Introduction
Geophysical well logs have long been used for lithological characterization and sequence analysis. Traditionally, vertical well log patterns have provided a means to interpret the depositional energy and setting of siliciclastic depositional systems (e.g., Milton and Emery 1996; Harris et al. 1999) . Perhaps the most commonly used log for this purpose is the natural gamma ray log, the response of which, often relates to the amount of potassium-bearing clay minerals in the succession. Hence, gamma ray measurements can be indirectly related to changes in the depositional setting, such as sea level changes and changes in climate, which influence the amount of terrigenous material entering the basin. In a siliciclastic system, relatively high natural gamma values typically indicate lower depositional energy and decreasing grain size, i.e., increasing amount of clay minerals. Gradual or abrupt changes in the natural gamma ray curve can also be used as an indicator of sea-level fluctuations, flooding surfaces or unconformities. Furthermore, the use of well log-motifs is widely used to define and correlate subsurface sedimentary successions with the same geophysical characteristics and interpreted lithology. This is especially the case where there is no or limited information from outcrops or cores, and hence the subsurface geological characterization must rely largely on well logging data.
However, the use of log-motifs for the identification of shifts in the depositional setting for carbonate-dominated successions is much less straightforward. This is mostly because the carbonate system differs from the siliciclastic one in that the changes in carbonate productivity must be taken into consideration. Furthermore, in a siliciclastic system, high sediment supply occurs during lowstands while in a carbonate system high productivity of carbonate generally occurs during highstands. The ratio between carbonate and siliciclastic material in carbonate systems (as well as siliciclastic systems) can be influenced by tectonics, paleoclimate and siliciclastic sediment supply. However, in carbonate systems, it is also related to the water temperature governing biogenic carbonate production (Flügel 2004 ). Processes such as diagenetic dissolution and condensed deposition, where clay minerals can be enriched, must also be considered in the interpretation. In condensed sequences, there might also be enrichment of authigenic glauconite that significantly increases the gamma ray reading. Despite these complex relationships, well logs from carbonate-dominated successions can prove important for correlation in combination with core references. Hood et al. (2003) exemplifies the use of gamma ray motifs in a mixed siliciclastic carbonate to carbonate succession for the identification of changes in sea level. However, a requirement for this approach to be valid is that the depositional setting must be relatively quiescent and the siliciclastic sediments entering the basin must be dominated by clay minerals. The Ordovician succession in the epicontinental Baltic Basin to a large extent meets these requirements, whereby it is characterized by starved sedimentation in a quiescent shallow shelf setting. Hence, shifts in sea level and climate can be considered to reflect the relationship between the amounts of carbonate and siliciclastic material in these deposits. Where a sea level rise will likely result in the deposition of a higher proportion of clay material, which will correspond to relatively high gamma ray values.
The interest regarding the Lower Palaeozoic succession in the Swedish sector of the Baltic Sea (Fig. 1 ) has recently increased with respect to its potential of hosting deep saline aquifers suitable for CO 2 storage (Mortensen et al. 2016) . According to the assessment by Anthonsen et al. (2014) , potential for CO 2 storage exists due to the occurrence of Cambrian sandstone aquifers with sufficient thickness, depth, porosity and permeability. Furthermore, these aquifers are overlain by a sequence of potentially suitable sealing beds. Evaluation of the storage capacity and characteristics of the Cambrian sandstone aquifers indicate that the effective storage capacity might range up to several gigatons of CO 2 , even though more realistic judgments indicate capacities less than one gigaton CO 2 (Sopher et al. 2014; Mortensen et al. 2016) . So far, much focus has been put on characterizing and Jaanusson (1976) . b Schematic bedrock map of the study area showing well locations and cross sections discussed in the text describing the properties of the main Cambrian sandstone aquifers, of which the upper Miaolingian (former Series 3) Faludden sandstone is regarded the most prospective storage unit. Furongian strata are largely missing. Hence, the overlying Ordovician carbonate-dominated and Silurian marlstonedominated succession constitute, on Gotland and for much of the Swedish sector of the south Baltic Sea, the primary seal. However, unlike the reservoir, the petrophysical and lithological properties of the seal have not been extensively investigated.
In the Swedish part of the Baltic Basin, the knowledge about the Ordovician-Silurian succession is largely based on exploration data from wells and seismic surveys performed during the 1970s and 80s by the Swedish Oil and Gas prospecting company (OPAB). However, extensive geoscientific studies have been performed on the Ordovician succession in outcrop areas on the Swedish mainland and on the island of Öland (e.g., Stouge 2004; Calner et al. 2013; Lindskog 2017 and references therein). There are also numerous publications describing the Ordovician deposits in the Baltic countries, especially in Estonia where the Ordovician is widely exposed in an outcrop belt along and parallel to the depositional strike and distribution limit of the Palaeozoic succession (c.f. Harris et al. 2007; Nestor et al. 2007 ). In southern Estonia, Shogenov (2008) outlines a study of the subsurface Ordovician succession, which demonstrates the applicability of log-motifs for correlation and identifying bed units when cores are missing.
Despite these detailed studies and extensive exploration campaigns, merely a general characterization of the Ordovician succession beneath Gotland and the south-central parts of the Baltic Sea (Fig. 1 ) has so far been performed. Most of the geoscientific work has also been on the Upper Ordovician succession, which contains scattered oil-bearing carbonate mud mounds (Tuuling and Flodén 2000; Sivhed et al. 2004; Bergström et al. 2004; Kröger et al. 2017 ). The present stratigraphy of the Ordovician succession beneath Gotland and the Swedish sector of the Baltic Sea is largely based on an informal classification by OPAB (1976) . Here, the succession is divided into three units. A lower 30-60-m-thick Bentonitic limestone followed by an up to ca 10-m-thick Kvarne limestone and an upper 20-75-m-thick Klasen limestone unit. The latter holding most of the Upper Ordovician oil-bearing mounds. These informal stratigraphic units, however, are poorly defined and described, which highlights a need to re-evaluate their division with respect to the defined stratigraphy in neighboring areas such as Östergötland, Öland and South Estonia. The need to perform this task became apparent whilst performing a regional characterization of the Palaeozoic sequence in the Swedish sector of the Baltic Basin using seismic and well data collected by OPAB (Sopher et al. 2016) . Here it was noted that the geophysical log responses from wells on Gotland and in the south-central Baltic Sea displayed characteristic log patterns for the Ordovician succession. These log-motifs appeared to repeat in most wells on Gotland and in the offshore area south and east of Gotland. Based on these observations this study was performed, which has focused on evaluating the geophysical logging results and their correlation to the observed rock types in cored intervals. The aim has been to investigate if the log-motifs allow for a geophysical division linked to specific lithofacies, stratigraphic units and the evolution of the Ordovician depositional setting in the Baltic Basin. Although this study does not include any biostratigraphic analyses, the log signatures are assessed regarding their coupling to known stratigraphic units and their lithological characteristics presented for Öland, Östergötland and Estonia (Stouge 2004; Calner et al. 2010 Calner et al. , 2014 Munnecke et al. 2010; Bergström et al. 2011; Dronov 2017) . Finally, the aim has also been to discuss and evaluate the coupling of the log-motifs to the sealing properties of the Ordovician succession.
Geological framework
The study area is in the south-central Baltic Sea. The area includes the island of Gotland and the areas south and immediately east of the island (Fig. 1) . The Lower Palaeozoic in this area dips gently to the south and southeast, towards the central parts of the Baltic Basin. Hence, successively younger strata form the bedrock surface towards the southeast of the study area. Two interpreted seismic cross sections show the general outline of the sedimentary succession in the offshore part of the study area (Fig. 2) .
The structural configuration of the Palaeozoic strata in the western Baltic Basin reflects multiple changes in tectonic regime during the Phanerozoic, i.e., the pre-to synCaledonian, Herzynian, Permian to Jurassic rifting and Late Cretaceous-Palaeogene inversion regimes. The west and northwest limit of the Lower Palaeozoic bedrock in the Baltic Sea is formed by extensive erosion due to uplift of the South Swedish Dome. This resulted in the removal of much of the previously extensive Lower Palaeozoic strata on the southern parts of the Baltic Shield (Japsen et al. 2015) . Besides the coherent distribution in the Baltic Sea area, a few isolated outliers of Lower Palaeozoic strata are found in fault blocks, where they have been protected from erosion, for example, in Östergötland or beneath dolerite-capped table mountains in Västergötland (Calner et al. 2013) . The northern and western extension limit of the Ordovician in the Baltic Sea is commonly marked by a submarine cliff composed of the relatively erosion-resistant limestonedominated Ordovician succession (Flodén 1980; Tuuling and Flodén 2016) . The cliff is also clearly developed on the island of Öland where Lower and Middle Ordovician strata outcrop extensively.
Baltica was characterized by quiescent passive margin depositional settings during most of the Early Palaeozoic. The Cambrian sequence on top of the Precambrian basement includes an up to 250-m-thick succession of sandstone, siltstone and claystone, which represents progressive deposition coupled to the overall transgressive nature of the Cambrian sea. Stacked sequences of transgressive-regressive cycles with fining-upwards deposits grading from sand to clay are characteristic of the shore-face and inner shelf-dominated setting. The Cambrian sediments were laid down on a flat Precambrian shelf, i.e., the sub-Cambrian peneplain (Lidmar-Bergström and Olvmo 2015, and references therein). At this time, only a few isolated hills, a few tens of meters high, rose above the otherwise flat peneplain, for example, the Mossberga Dome on Öland (Stephansson 1971; Dahlqvist et al. 2018) . These hills had, at least during the Early Cambrian, a role as submarine highs or islands on which no or very little sedimentation took place. It was not until later in the Cambrian that these were submerged and levelled out. Sivhed et al. (2004) proposed that these highs continued to influence the local marine setting during the Ordovician, where they resulted in areas preferential to the formation of mounds.
In the Early Ordovician, the independent plate Baltica was situated between approximately 40° and 50°S and drifted towards lower latitudes resulting in gradually warmer marine conditions in the Late Ordovician (Cocks and Torsvik 2005, 2006) . This is reflected in an overall change from sub-polar-cool water to tropical carbonate lithofacies (Jaanusson 1973; Harris et al. 2007) . During the Ordovician, the Iapetus Ocean and Tornquist Sea surrounded the plate to the east and to the south. Hence, during the Ordovician, the Baltic Basin was subject to the effects of the Caledonian Orogeny: specifically, the progressive closure of the Tornquist Sea as the Avalonia microcontinent approached from the south and the approach of Laurentia from the west. The main phase of the Caledonian Orogeny was reflected by the high rates of deposition during the Late Silurian in a foreland basin setting, which evolved along the western margin of Baltica. Rates of deposition changed from 1 to 10 m/Ma in the Lower Ordovician to more than 500 m/Ma in the Late Silurian (Calner et al. 2013; Sopher et al. 2016) .
Beneath Gotland, the top of the Ordovician is found between 150 and 250 m depth in the north and around 500 m in the southernmost parts. In the distal offshore part of the Swedish sector near the B-9 well, the top lies at ca 950 m. Within the study area, the gross thickness of the Ordovician ranges between 80 and 125 meters, where the lower thicknesses are in the south. The greater thicknesses are associated with the local occurrences of Upper Ordovician mounds, primarily in the northeast parts of the area. The Ordovician succession is followed by a significantly thicker Silurian unit, which also constitutes the bedrock surface over much of the studied area (Fig. 1) . In the southeastern part of the Swedish sector of the Baltic Sea, the up to ca 850-m-thick Silurian succession (which is capped by Pridoli reef barrier carbonates) is truncated by Lower Devonian reddish, terrigenous sandstones and siltstones, resulting in a discontinuity at the top of the Silurian (Fig. 2, Bjerkéus 2001) .
The Ordovician sedimentation on Baltica took place in a shallow epeiric sea surrounded by low relief and tectonically stable landmasses supplying limited amounts of terrigenous sediments into the depositional areas. The deposition was characterized by generally low sedimentation rates as well as non-deposition, often resulting in a condensed carbonate succession. The sediments are, thus, dominated by argillaceous carbonates with variable amounts of skeletal carbonate fragments and grains. Variegated red-brown-grey wackestones and calcareous mudstones are the most common rock types. Increasing amounts of clay minerals in the deposits is interpreted to reflect more humid and warmer periods resulting in relatively high amounts of terrigenous clay entering the basin. The most common authigenic mineral is glauconite followed by pyrite.
The Ordovician depositional setting is commonly related to confacies belts which reflect the dominant lithofacies and bathymetric position of the depositional settings on Baltica (Jaanusson 1976) . These belts transition from shallow waterdominated settings in the North Estonian Confacies Belt to inner shelf settings in the Central Baltoscandian Confacies Belt, which covers most of Scandinavia and the south Baltic Sea area (Fig. 1) . Deeper marine conditions prevailed in the southwest corresponding to the Scanian Confacies Belt. Relatively deeper settings extended also from the southwest into a bay-like depression in the crust forming the Baltic Basin.
The study area is positioned between the North Estonian and the Central Baltoscandian Confacies belts (Fig. 1) . Hence, within the study area, there is a transition from slightly deeper inner shelf settings in the south to shallower shelf and shore-face settings in the north. Furthermore, it may be assumed that the deposits more readily reflect sea-level fluctuations in the north, than in the south. Dronov et al. (2011) recognized for instance 14 third-order cycles in the Estonian Ordovician succession, which in relation to the succession beneath Gotland and the south-central Baltic Sea represents a shallower part of the Baltic Basin. Even if these minor cycles are difficult to identify in the deeper settings, several pronounced sea-level changes that influenced the whole depositional setting in the Baltoscandian Ordovician Sea are recognized. The most pronounced sea-level drop occurred in the upper Tremadocian, observed in the Bjørkåsholmen Formation ( Fig. 3 ) which in Östergötland is characterized by a condensed sequence of glauconitic carbonates unconformably overlying Tremadocian fine-grained deeper water black shales belonging to the Alum Shale Formation (Egenhoff et al. 2010 ). On Öland glauconitic mixed clastics of the < 1.5-m-thick Djupvik Formation are referred to as an eastern equivalent of the Bjørkåsholmen Formation (Stouge 2004; Egenhoff et al. 2010 ). On Öland, the basal-most part of the Hunneberg Stage is represented by a less than two-meter-thick condensed sequence of glauconitic limestone with thin interbeds of glauconitic shale and siltstone, i.e., the Köpingsklint Formation (Stouge 2004) . In South Estonia, the Zebre Formation displays similar thickness and characteristics (Dronov 2017) . These slowly deposited sediments were successively replaced by a series of cool-water carbonates reflecting a continuous sea level rise on the margin of Baltica (Fig. 3) . Although the sea reached its maximum in the Floian the sea level remained relatively static until the Sandbian, which resulted in the formation of pure limestones in the Central Baltoscandian Belt (Jaanusson 1973; Munnecke et al. 2010) . However, in the lower-middle Darriwilian an interval with argillaceous grey limestone known as the "Täljsten" interrupts the otherwise limestone dominated Middle Ordovician succession. This marker bed represents an interval which is interpreted to result from a depositional environment with a significantly reduced water depth (Lindskog 2017 ). This interval is succeeded by grey limestones representing an overall transgressive trend until the basal Katian. These include several third-order cycles with both transgressive system tract deposits, such as the Mossen Formation and highstand system tract deposits, such as the Saunja Formation (Fig. 3, Dronov 2017 ). The Saunja Formation and Slandrom Limestone is topped by a widespread unconformity in the form of a paleokarst surface cutting into the limestone. This indicates a period of extensive regional exposure and erosion of the bedrock during the middle Katian , prior to the deposition of the widespread Fjäcka Shale marking the return of deeper marine conditions to the margin of Baltica (Fig. 3) . The Fjäcka Shale consists of variably organic-rich black shale and dark brown mudstone representing a major transgressive sequence in Baltoscandia. The shale is furthermore considered the source rock for the oil found in the Katian Kullsberg and Boda limestones in the Siljan region, central Sweden (Vlierboom et al. 1986; Ahmed et al. 2014) . During the Late Ordovician, there was widespread development of biohermal reef-like mounds. The mounds occur in the late Keila-Nabala and Pirgu stages (Fig. 3, Bergström et al. 2004; Kröger et al. 2017 ) primarily within a band extending from Gotland towards North Estonia. They are interpreted to reflect that Baltica had reached Bergström et al. (2011 , Stouge (2004), and Dronov (2017) more tropical and warmer latitudes promoting framework building ecosystems (Kröger et al. 2017) . The mounds are commonly up to a few hundred meters in diameter and the height ranges from a few meters to several tens of meters (Sivhed et al. 2004) . The most conspicuous effect is that they yield a relatively thick Upper Ordovician succession where they occur.
During the Hirnantian, Laurentia experienced a glaciation which resulted in a global sea-level drop. The Ordovician-Silurian boundary shows evidence that large parts of Baltica were then exposed and that the pre-existing Ordovician deposits were subject to erosion. Scored incised valleys and a widespread unconformity is documented at the Ordovician-Silurian boundary (Thorslund 1968; Tuuling and Flodén 2000) .
Material and methods
From the 1970s to the late 1980s, OPAB performed extensive seismic surveys and borehole investigations of the Palaeozoic succession on Gotland and in the offshore areas in the south Baltic Sea. The initial targets were the Cambrian sandstones, but focus shifted later to the Upper Ordovician oil-bearing mounds. Prior to the extensive OPAB hydrocarbon exploration the only subsurface information came from a few cored boreholes.
As part of the exploration activities by OPAB large amounts of seismic reflection data were acquired both offshore and on Gotland. The data within the OPAB dataset typically have a lower resolution than the data used by Flodén (2000, 2009) but has greater depth penetration. Hence, it provides new information about the deepest parts of the Palaeozoic sequence in the Swedish parts of the Baltic Basin. In recent years, digitization and reprocessing of these data have made them more accessible and provided clearer images for interpretation. Subsequently, they have been used to provide additional insight into the Palaeozoic geology of the Baltic Basin (Sopher and Juhlin 2013; Sopher et al. 2016) . In conjunction with this study and work by Levendal (2019) , this database has been extended to include all profiles on Gotland.
The first deep borehole on Gotland was drilled in 1919 at Visby cement factory, followed years later by the File Haidar-1 borehole in 1937, and Grötlingbo-1 and När-1 in 1968 (see locations in Fig. 1 ). Geoscientific studies on these older cores constitute important references to the present study (e.g., Hedström 1923; Thorslund and Westergård 1938; Kjellström 1971; Männik et al. 2015) .
Between 1972 and 1987, OPAB drilled 242 wells on Gotland and 12 wells in the Swedish offshore sector of the south Baltic Sea. Gotlandsolja AB, who took over the prospecting after OPAB, drilled an additional 80 wells between 1987 and 1992 on Gotland.
There is often comprehensive geophysical logging data from the first OPAB wells drilled on Gotland and in the offshore area. Besides the 12 offshore wells, 36 of the OPAB wells on Gotland contain wire-line logging data on the Ordovician succession, primarily from wells located on the south part of the island. The OPAB logging program was executed by Schlumberger and typically included a natural gamma ray log (GR), various electrical logs such as spontaneous potential (SP), induction (IND), dual lateral log resistivity (DLL) or micro-lateral resistivity (MLL). The logging program most often also included a borehole compensated sonic log (BHC) or formation density compensated log (FDC). A compensated neutron log (CNL) was only performed in few of the wells. All logged wells were studied but focus was put on the wells with the best log quality and similar logging suites (Table 1) . Ten wells on Gotland and in the offshore area were selected for correlation of the Ordovician succession along two south-north-oriented sections.
Primarily, the GR log-motifs were used to illustrate the log-stratigraphic correlation between wells. The GR log is also the most useful log in evaluating the relationship between siliciclastic sediments and carbonate production in the depositional setting, which can be used as an indicator of sea-level changes. The GR measures the naturally occurring gamma radiation in the rock emitted from potassium-40 and the isotope series associated with the decay of uranium and thorium. The log is especially useful for distinguishing clay-rich and non-clay-rich formations because potassium is a common component in clay minerals. The GR logs are scaled in American Petroleum Institute units, which is a calibrated standard scale used to facilitate comparison of the results from different tools.
The log-motifs of the BHC and the FDC have been used to distinguish dense limestone from less dense argillaceous intervals and as a support to the interpretation of the seismic response. The CNL in combination with the FDC has been used to separate limestone from more argillaceous lithologies such as mudstone, shale and marlstone. Since the measured CNL reading depends on the amount of hydrogen present, an argillaceous rock, e.g., shale, will consequently give a relatively higher CNL-porosity value in comparison to the FDC log, which is unaffected by the hydrogen content. The separation of the CNL to the left of the FDC in the log track gives a clear indication of argillaceous rocks. In limestone intervals, both the FDC and CNL will have about the same value while in sandstone the CNL will give a slightly lower porosity than the FDC. This straightforward interpretation to identify and separate clay-mineral-rich shale and mudstone intervals from limestone and sandstone intervals has been matched with the GR and the lithology of cored 1 3 intervals in the studied wells. More detailed information on the interpretation and fundamentals of well logs are found in Serra (1984) , Schlumberger (1991) and Rider and Kennedy (2011) .
Cores exist in 50 of the OPAB wells on Gotland. However, most of the coring was performed over a few meters, either in the uppermost or lowermost part of the Ordovician succession. Furthermore, most cored intervals are not associated with any wire-line logging data. This fact disqualified most of the cored intervals for a comparative analysis between lithology and the log responses. Cored intervals from the Hamra-10 and Skåls-1 wells, located on south Gotland, were selected as suitable references to investigate the relationship between the lithology and the wire-line log responses (Figs. 4 and 5 ). These wells contain relatively continuous coring of the lowermost and uppermost parts of the Ordovician succession and also have a suite of highquality geophysical logs (Table 1 ). In addition, the lithological descriptions of the Grötlingbo-1 core and the wireline logs from the adjacent Grötlingbo-2 well were used as a complementary source of information to investigate the match between the log responses for the parts of the Ordovician succession which are not covered by the cores from the selected reference wells.
A lithological characterization of 18 up to 20-cm-long core pieces, selected to match various log responses, was performed on the Hamra-10 and Skåls-1 cores. This was done at the core archive managed by the Geological Survey of Sweden. The sampled core pieces were sawed lengthwise and the cut surface was polished and scanned using a photo scanner with a resolution of 1200 dpi. The scanned images of the various carbonate rock types were subsequently studied regarding texture and classified according to Dunham's classification (Dunham 1962 ).
Log-motifs, lithology and stratigraphical aspects
The log-motif of the Ordovician succession is divided into five main intervals (O a -O e ) distinguished by their diagnostic geophysical signatures. A composite log for Skåls-1 exemplifies the typical log-motifs for GR, FDC, CNL, BHC and MLL over the studied succession (Fig. 4) . The two lower (Figs. 5, 6 ). Most of the O c interval is, however, only matched with core descriptions from the Grötlingbo-1 core. The stratigraphic affinity is assessed with respect to work by OPAB (1976), Kjellström (1971) , Bergström et al. (2004) , Männik et al. (2015) on Gotland and by stratigraphical work on Öland (Stouge 2004 ) and in Östergötland (Bergström et al. 2011 ). In addition, inferences about the Upper Ordovician succession have been made based on the work by Calner et al. (2010) . The log-motifs have also been compared with the overall evolution of the depositional setting during the Ordovician (Tuuling and Flodén 2000; Nielsen 2004; Kiipli et al. 2008; Munnecke et al. 2010; Dronov et al. 2011 ).
The O a interval
In most wells, the up to ca 10-m-thick lowermost O a interval overlies the Faludden Sandstone (Figs. 4 and 5) . However, in a few wells on Gotland (e.g., Hemse-1) and in the offshore wells to the south (e.g., B-3, B-9 and B-7) it overlies a thin sequence of alum shale ( < 5 m thick), which overlies the Faludden Sandstone (Fig. 5) . It is often difficult to precisely define the boundary between the glauconitic O a interval and the underlying alum shale since they show similar high GR-motifs. A coherent distribution and gradually increasing thickness of the alum shale is found towards the south and southeast of the B-3 well (Buchardt et al. 1997) . The overall high GR values of the O a interval is matched by cores in Skåls-1 which display a dominance of extremely glauconitic carbonates. In many of the wells, the O a interval includes two high GR peaks, where the lower one coincides with glauconite grainstone and the upper peak is a glauconiterich packstone. Between these two significant GR peaks in Skåls-1 there are beds of brown and dark grey calcareous, bioturbated mudstone and wackestone without any visible glauconite (Fig. 6i) . The upper glauconite-rich bed in Skåls-1 (Fig. 6h ) cuts into the underlying mudstone forming an irregular unconformity. In the offshore wells to the south, On Öland, the basal part of the Ordovician carbonate succession is defined as the glauconite-rich Djupvik and Köpingsklint formations (Stouge 2004 ). These successions display very similar characteristics and thicknesses to the Lower Ordovician succession identified here in the well logs and reference core material from Gotland. Hence, the lower GR peak in the O a interval is interpreted to represent the Djupvik Formation and the corresponding Bjørkåshol-men Formation in Östergötland. The interval represented by the upper GR peak is interpreted to correspond to the glauconitic Köpingsklint Formation. These glauconitic bearing formations have been assigned to the upper Vorangi, Hunneberg and Billingen regional stages and represent a significant sea-level fall in the Baltic Basin (Fig. 3 , Egenhoff et al. 2010) . Similar glauconitic formations and layers of the Zebre Formation, representing the Hunneberg and Billingen stages, were also identified in well logs in South Estonian boreholes (Shogenov 2008) .
The O b and O c intervals
The O b interval is characterized by much lower GR values in comparison to the previous interval, indicating less argillaceous and glauconitic carbonates. The BHC, FDC and the resistivity logs indicate tight and dense strata (cf. Fig. 4) . The log-motif of the ca 10-m-thick O b interval is very consistent in character on southern Gotland and easily correlated between wells (Fig. 5) . On northern Gotland and in the BO-12 well the interval is only a few meters thick. The interval is significantly thicker (ca 25 m) offshore to the south of Gotland (exemplified by the B-7 well, Fig. 5 ). Here it is characterized by less homogeneous GR motifs indicating alternating beds with varying ratios of carbonate and clay minerals (Fig. 5) . In the Skåls-1 core, the interval is characterized by variegated grey and dark red wackestone, and grey packstone with numerous stylolites and iron-impregnated hardgrounds (Fig. 6f-g ). This interval is bounded at the top by a thin bed, no more than a few meters thick, with significantly higher GR values that constitute the lower part of the O c interval.
The O c interval is, besides the basal meters, composed of relatively homogeneous beds of variegated red, brown and grey wackestones (Fig. 6e) . The interval has a relatively consistent thickness of 30-35 m. In Skåls-1, the basal part of the O c interval is represented by grey wackestone with a slightly higher amount of siliciclastic material and is interpreted to correspond to the so-called "Täljsten", representing a period of regional sea-level drop at the end of the Volkov regional stage (Lindskog 2017) .
The upper boundary of the O c interval is defined by a high GR peak coinciding with the Kinnekulle Bentonite, verified by logging data and cores from the Grötlingbo-1 well (Kjellström 1971; Männik et al. 2015) .
It is possible to compare the O b -O c intervals, i.e., the succession between the top of the Köpingsklint Formation and the base of the Kinnekulle Bentonite, with chemostratigraphic data from the Aizpute-41 core in western Latvia (Kiipli et al. 2008 ). On comparison, it is noted that the observed GR-motif (i.e., an overall decrease towards the top of the interval) in the Gotland wells is consistent with a successive decrease in the amount of terrigenous material observed in the Volkov-Haljala succession in Latvia. The dominance of cool water carbonates with a slow accumulation rate coupled with a low influx of terrigenous material is implied for the mid-Billingen to Volkov stages (cf. Harris et al. 2007 ). This fits with the ca 10-m-thick interval (459.5-469.0 m) at the base of the O b -O c interval in the Grötlingbo-1 well which is composed of limestone facies with relatively low natural gamma levels (Fig. 5) . On Öland, this interval corresponds to the Bruddesta Formation, Horns Udde Formation and Formations A and B (Stouge 2004 ). This transition is interpreted to reflect a general drop during the early Kunda stage, corresponding to the "Täljsten" interval of the Holen Limestone (see Dronov and Rozhnov 2007; Dronov et al. 2011; Lindskog 2017 ) and the synonymous Formation C and D on Öland (Stouge 2004) .
On Öland, the interval between the "Täljsten" and the Kinnekulle Bentonite is divided into several stratigraphic units (see Stouge 2004) . Traditionally, the interval has been referred to as the "orthoceratite limestones" of consistent composition, where dense variably reddish grey packstones dominate (Fig. 6e-g ). In most wells, the GR motif shows a gradually decreasing value which is related to successively cleaner limestone facies over the O c interval. However, besides this gradual lowering of the GR values, there are no other significant changes in the GR Fig. 5 Well log profiles, GR log-motifs and correlation of the Ordovician and top Cambrian succession in selected wells along two sections on Gotland and in the south and east offshore area. Well locations are given in Fig. 1 . The interpreted geophysical intervals O a -O e , are further described in the text and stratigraphically elaborated in Fig. 9 ◂ and BHC log-motifs which motivate a detailed division of the O c interval. This is also the case when considering the equivalent sequence on Öland, Östergötland or in west Estonia. Therefore, we have arbitrarily correlated this part to represent the Lasnamägi-Uhaku formations on Öland, i.e., Segerstad to Persnäs limestone formations (Lundegårdh et al. 1985) , without defining their respective boundaries. Nevertheless, Kjellström (1971) and Männik et al. (2015) agree that in the Grötlingbo-1 core, the upper part of the O c interval corresponds to the Dalby Limestone.
O d interval
The clearest change of the wire-line log-motifs occurs over the O d interval. The up to 20-m-thick interval begins with a high GR peak representing the Kinnekulle Bentonite followed by a series of beds displaying highly variable logmotifs. The O d interval is easily traced in all investigated wells, especially in the ones on Gotland (Fig. 5) . The rock types occurring in the Hamra-10 core are varied in composition and colour ( Fig. 6c-d) . The O d interval in the Grötlingbo-1 core (415.4-425.4 m), was assessed by Män-nik et al. (2015) to include the Skagen Limestone, Gräsgård Siltstone, Slandrom Limestone and Fjäcka Shale. A similar division of the Grötlingbo-1 core was made by Kjellström (1971) with slightly different depths, which was mainly due to different sampled levels. Kjellström also used the older classification of Macrourus Limestone for an interval that is now defined as the Gräsgård Siltstone by Männik et al. (2015) . Dense grey and light brown grainstone and wackestone with irregular anastomosing sutured microstylolites, dark grey and brown discontinuity surfaces and clay laminae compose much of the lower part of the O d interval in the Hamra-10 core, which can reach thicknesses of up to 5 m in some wells. This is followed by an interval marked by several irregular dark brown, pyritic and highly irregular discontinuity surfaces associated with beige grainstone/ packstone with winding laminae tentatively interpreted as biogenic encrustation of algae (Fig. 6d) . The bedding over this interval is in the Hamra-10 core strongly discontinuous and disrupted. Similar features have been described in the Slandrom Limestone interval in southern Sweden, and the Saunja Formation in Estonia and Latvia, which have been taken as evidence for a widespread regression and subaerial exposure in the middle Katian ). Significant stratigraphic gaps in the basal O d interval in the Grötlingbo-1 core are also pointed out by Kjellström (1971) and Männik et al. (2015) .
The upper part of the O d interval is composed of dark brown and greenish brown calcareous mudstone characterized in the wire-line logs by very high GR values. The FDC and the CNL logs indicate somewhat less dense and clayrich beds over this interval which is interpreted to represent the Fjäcka Shale (Fig. 6c) . In the Grötlingbo-1 core, a similar succession of mudstones between 415.4 and 420.3 m has been defined as the Fjäcka Shale by Männik et al. (2015) . The thickness is most commonly around five meters in the studied wells which fits to thicknesses noted in localities on the Swedish mainland (Ebbestad and Högström 2007) . However, in our study area, the lithology is dominated by mudstone in contrast to the otherwise mainly organic-rich Fjäcka Shale observed in wells on the Swedish mainland.
The transition between the Skagen Limestone and Fjäcka Shale in the upper part of the O d interval is found to have a consistent distribution and geophysical characteristics in the studied area (Fig. 5) . This correlates to a period of sub-aerial exposure resulting in karstification of the Slandrom Limestone, followed by flooding and the subsequent deposition of the Fjäcka Shale. This is consistent with observations by Tuuling and Flodén (2000) and Calner et al. (2010) who also interpret such changes in depositional environment to have been widespread.
O e interval
This interval has a highly variable thickness related to the local occurrence of carbonate mud mounds. This interval can, locally, reach thicknesses of 50 m in wells located in the northeast part of the study area, e.g., Skäggs-1, BO-21 and BO-12. However, it is considerably thinner in the wells to the south, e.g., B-7, B-3 and BO-11 (Fig. 5) . This coincides with a mound belt extending from northeast Gotland towards Estonia (Kröger et al. 2017) . The diameter of the mounds reaches up to 2 km where the greatest mounds are found offshore Gotland to the northeast (Tuuling and Flodén 2000) . Characterization of ca 150 mounds on Gotland in the OPAB seismic data set gives a mean diameter of 640 m and a mean thickness of 19 m (Levendal et al. 2019) . The rock types coupled to the mounds have been subdivided into (1) intra-mound facies characterized by irregularly bedded, light grey and beige, vuggy algal limestone with fenestral fabric and stromatactis, (2) mound cap and flank facies dominated by mottled (bioturbated) dark grey packstone, and (3) supra-mound facies with dark greyish green, subhorizontally bedded wackestones and calcareous mudstone with irregular lamina of clay (Sivhed et al. 2004) . Figure 6b illustrates an example of the intra-mound fenestral bindstone with oil impregnated microfractures and vugs. A typical ◂ supra-mound calcareous mudstone/wackestones with undulating clay laminae is shown in Fig. 6a . Bergström et al. (2004) showed that the main phase of mound development occurred on Gotland during the Pirgu stage, i.e., Klasen mounds located within the Jonstorp Formation. Beside this, a mound in the Liste-1 well on Gotland was defined as representing an earlier stage of mound development in the Rakvere-Nabala stages (Liste mounds), which would then accordingly be within the O d interval and the Slandrom Limestone (Bergström et al. 2004; Kröger et al. 2017 ).
The Ordovician-Silurian boundary strata
The stratigraphic division of the succession belonging to the Hajala-Porkuni stages is relatively well defined owing to the detailed biostratigraphic work by Männik et al. (2015) which complements the work by Kjellström (1971) . Their results verify that the Silurian-Ordovician boundary is slightly deeper than the main lithological shift from marlstone to limestone (at 387 m in the Grötlingbo-1 well), which has been interpreted as the boundary according to OPAB. Instead, in the Grötlingbo-1 well, Männik et al. (2015) and Kjellström (1971) quote depths of 397.1 and 400 m for the Silurian-Ordovician boundary, respectively. The Silurian-Ordovician boundary often appears to coincide with a somewhat less pronounced lithological change between the limestone in the Ordovician and the argillaceous limestone in the Silurian. Similar gradual or less distinct transitions in lithology below the transition from marl to limestone can be observed in most wells on southern Gotland and are interpreted here as the top of the Ordovician (Fig. 5) . Hence, the top Ordovician appears to be generally slightly deeper than noted in the OPAB well reports. It is striking, however, that the boundary is locally very distinct in wells to the northeast and offshore to the east of Gotland (Fig. 5) . In these wells, there is a marked drop in the GR log and increase in density over the boundary, which is coupled to marlstone/claystone directly overlying pure and dense limestone. Tuuling and Flodén (2000) identified erosional unconformities in seismic data associated to the boundary to the northeast of Gotland. They interpreted this to reflect the global sea-level drop during Hirnantian glaciation leading to exposure and erosion of the shallow shelf. On south Gotland and offshore wells south of Gotland, representing slightly deeper Ordovician depositional settings, the boundary interval is characterized by a more gradual shift in lithology without any similar erosional unconformity. The overlying Silurian is composed of Llandovery shale followed by marlstone and claystone which is seen as a shift to higher GR values and less dense rock types. A Lower Visby Formation affinity is uncertain since the subsurface Silurian stratigraphy on Gotland still needs to be properly defined.
Seismic signature
When considering the physical properties of the Palaeozoic sequence within the study area, some of the largest contrasts can be found in and around the Ordovician interval. For example, there is typically a large contrast between the density and seismic velocity of the limestones of the Ordovician interval and the Cambrian and Silurian strata. Furthermore, there is a strong contrast in physical properties between the relatively argillaceous O d interval and the limestone of the O e and O c intervals. These significant and often sharp contrasts in physical properties generate strong seismic reflections. Over the years, several seismic studies have provided valuable insight into the Ordovician stratigraphy and a framework for the key seismic markers in the sequence has been established (Tuuling and Flodén 2009 ).
To date, most of seismic studies addressing the Ordovician interval within the Baltic Basin utilize high-resolution single-channel marine seismic data (100 -200 Hz) (Flodén 1980; Tuuling et al. 1997; Flodén 2000, 2009) . These data were collected primarily between 1966 and 1992 by Stockholm University and as part of a Swedish-Estonian collaboration project. Analysis of these data has allowed regional mapping and correlation of the sequence between Sweden and Estonia (Flodén 1980; Tuuling and Flodén 2009) . The data also permitted a characterization of the size and distribution of the carbonate mounds offshore and to map regional erosional surfaces, within the O d interval and at the top of the O e interval (Tuuling and Flodén 2000) . As part of these studies, four seismic markers were identified and mapped regionally within the Swedish part of the Baltic Sea. These includes the O 1 marker corresponding to the base of the O a interval, the O 3 marker corresponding to the base of the Rakvere Stage (within the O d interval), the O 4-5 marker corresponding to the pair of reflections from the top and base of the Fjäcka Shale (within the O d interval), and the S 1 marker corresponding to the erosional boundary between the Ordovician and Silurian (Fig. 7, Tuuling and Flodén 2009 ). Tuuling and Flodén (2000) also mapped and described several seismic markers associated with the top of the Ordovician carbonate mounds and the top of the intermound sediments between Estonia and Sweden. However, it was not possible to correlate these reflections regionally. Figure 7 exemplifies how the seismic markers described by Tuuling and Flodén (2009) relate to the well log intervals defined in this study. A series of synthetic seismograms are also shown which provide an estimate of how the Ordovician sequence in the Grötlingbo-2 well would appear in the various seismic datasets used to investigate the Baltic Basin. The highest frequency synthetic seismogram (150 Hz) is representative of the data used by Tuuling and Flodén (2009) , the central synthetic seismograms are representative of the OPAB land seismic data from the island of Gotland (60-100 Hz), while the lowest frequency synthetic (30 Hz) is representative of the marine seismic data from the OPAB dataset (e.g., Fig. 2 ). It is clear from Fig. 7 that strong positive reflection and negative reflection are typically associated with the top and the base of the Ordovician, respectively, in all the datasets. However, the seismic reflections associated with the O d interval (O 4-5 and O 3 ) are only well resolved in the higher frequency land data from Gotland and the marine data of Flodén (2000, 2009) . The synthetic seismograms also highlight the fact that the seismic reflections do not always align perfectly with the stratigraphic boundaries identified in this study. For example, the S 1 reflection occurs at the transition from marl to limestone, which lies above the top Ordovician boundary proposed in this study. Similarly, in this example, the O 1 reflection is located a bit below the base of the O a interval. Figure 8 shows an example profile through the Hemse-1 well on the central southern part of Gotland from a seismic dataset with relatively high-frequency content (100 Hz) from the OPAB dataset. Here reflections associated with the top and base of the Ordovician and the O d interval can clearly be correlated across the section. As part of on-going efforts to digitize and interpret the OPAB seismic reflection data from Gotland (Sopher 2017; Levendal et al. 2019) , it is clear some systematic differences in the seismic response exist across the island. For example, the reflection from the base of the Ordovician is typically more pronounced in the northwest parts of Gotland where the Faludden Sandstone is thin or missing. In these areas, there is a greater contrast in p-wave velocity between the Ordovician limestones and the siltstone and claystone of the Mossberga Member and hence, a stronger reflection is observed. Furthermore, the top Ordovician reflector is typically less pronounced towards the north, where the transition between the Ordovician and Silurian is more gradational than in the south, exemplified by Skäggs-1 and Skåls-1, respectively (Fig. 5) . Beside the top and the base Ordovician reflectors, O 4-5 and O 3 can be observed on most of the higher frequency seismic profiles (Fig. 8 ). Reflections associated with the Upper Ordovician mounds are also part of the Ordovician seismic signature on Gotland. These commonly consist of weak and discontinuous reflections in dome-like structures often yielding a corresponding anticlinal feature in the top Ordovician reflector (Sivhed et al. 2004; Levendal et al. 2019 ).
Discussion
The evaluation of geophysical log-motifs for the Ordovician on Gotland and adjacent offshore areas shows that the succession can be subdivided into several unique intervals. The intervals can be traced on Gotland and in the adjacent offshore areas to the west and south of Gotland. Variably glauconitic carbonates and mudstones tentatively stratigraphically comparable to the Djupvik, Bjørkåsholmen and Köpingsklint formations are found in all the studied wells. The interval is in most wells characterized by two significant GR peaks defining two levels rich in glauconite. In occasional wells thin beds of alum shale also contribute to the lowermost peak making it difficult to define the boundary between alum shale and the glauconitic limestone. It is evident that the interval represents the major sea level drop occurring in the Pakerort to mid-Billingen Stages, which led to extremely starved sedimentation and the deposition of condensed sequences (cf. Fig. 3 , Egenhoff et al. 2010) . The glauconitic carbonates are followed by a stacked sequence of successively cleaner carbonates shown by a gradually falling GR response, indicating decreasing amount of clay minerals. These beds are predominantly composed of red and grey orthoceratite limestone corresponding to the Bruddesta to Persnäs limestones on Öland and the Dalby Limestone in Östergötland.
Our proposed Lower and Middle Ordovician stratigraphy of the Grötlingbo-1 core differs somewhat from Fig. 7 Comparison of the well log intervals proposed in this study with the seismic markers of Tuuling and Flodén (2009) for the Grötlingbo-2 well. Synthetic seismograms are shown for a range of different frequencies to illustrate the resolution of different seismic datasets from the study area, where 30 Hz corresponds to the marine OPAB data, 60 and 100 Hz correspond to the onshore OPAB data and 150 Hz corresponds to the data of Tuuling and Flodén (2009) the one by Kjellström (1971) . His proposed division is merely based on two biozones and the fact that his data include barren intervals in the Oeland series. This opens the opportunity for alternative interpretations for this interval. Although, our interpretation is lacking conclusive biostratigraphical data it fits well with the general lithological characteristics and wire-line log-motifs and the results presented in Harris et al. (2007) , Kiipli et al. (2008) , Stouge (2004) and Calner et al. (2014) . Furthermore, the results show that the thickness of the O b -O c interval, interpreted to correspond to the Volkov-Haljala stages (Fig. 9) increases to the south. This thickening is most apparent in the O b interval (Fig. 5) . This is interpreted to be related to the progressive and transgressive nature of the sea on the margin of the Baltoscandia during this time. It is also consistent with the interpretation that southern parts of the study area represent deeper shelf settings, within the Central Baltoscandian confacies belt and the northern parts represent shallower parts of the shelf in the North Estonian Confacies belt (cf. Fig. 1 ). OPAB named this interval the Bentonitic limestone, however, besides the Kinnekulle Bentonite the amount of bentonite layers is subordinate and not a defining character of the interval. For example, several thin bentonite layers are identified in the Grötlingbo-1 core (Snäll 1977) but these do not stand out in the geophysical log response. Thus, there is a need to further investigate the O b and O c intervals regarding stratigraphical affinity and propose a more adequate definition related to the Ordovician successions in adjacent area, for example Öland.
The most conspicuous log-motif occurs over the O d interval, interpreted here as the Slandrom Limestone and Fig. 8 Interpreted section crossing the Hemse-1 well on south central Gotland. The section exemplifies the typical seismic response of the Ordovician succession and its bounding strata in the onshore OPAB data. The associated geophysical log-motifs of the Natural gamma (GR) and borehole compensated sonic log (BHC) for the Hemse-1 well are shown Fjäcka Shale interval (Fig. 9) . The thickness of this interval is relatively consistent and the highly variable log-motif is interpreted to represent widespread sea-level drop and erosion. This led to the development of ravinement surfaces and karstification of the limestone followed by flooding and the formation of mudstones ). The interval includes also an early phase of mud mound development, prior to the sea-level drop, i.e., Liste mounds (Bergström et al. 2004; Kröger et al. 2017) . OPAB classified the lower limestone-dominated part of the O d interval as the Kvarne limestone. However, the upper and lower boundaries of the Kvarne limestone are not consistent in the OPAB reports. The division proposed here is easier to use as it fits with both existing stratigraphical data and geophysical responses and hence is more convenient for correlation purposes.
The great variation in thickness of the Katian-Hirnantian interval is largely related to the development of carbonate mud mounds, preferably in the northeast parts of Gotland. The log-motifs vary accordingly, where the intra mound rock types are dominated by relatively pure carbonates while the non-mound facies consists of more argillaceous carbonates, generating higher GR values. The thickness of this interval decreases significantly to the south as the number and size of the mounds decreases.
The study also shows that there is significant variation in the log-motifs across the Ordovician-Silurian boundary indicating quite different rock successions in the studied wells. In the offshore wells BO-21 and BO-12, there is a marked shift in the GR log from low to high values corresponding to an abrupt change from mound limestone to calcareous claystone. In other areas, the boundary strata are characterized by gradual changes as in Skäggs-1. Furthermore, in the B-3, B-7, BO-11, Hamra-10 and Skåls-1 wells, several meters of shale are observed on top of the Ordovician. In all, Fig. 9 Interpreted stratigraphic correlation of the identified wire-line log intervals (O a -O e ) in relation to the stratigraphic assessments by Kjellström (1971 ), OPAB (1976 ), Lundegårdh et al. (1985 , Bergström et al. (2004) and Männik et al. (2015) the variable log-motifs at this boundary indicate the heterogeneous effect of the Hirnantian sea level drop in the Baltic Basin. The effect of denudation on the Ordovician deposits when the sea retreated is interpreted to vary depending on the occurrence of denser mound limestone verses softer and more argillaceous rock types. According to the seismic data the mounds constitute often marked domelike structures in the top Ordovician marker. These have been assessed as residual dome structures which likely also locally affected the basal most Silurian depositional setting (Levendal et al. 2019) . Beside this, there was also likely an effect related to how much the sea level dropped and how much of the area was exposed to erosion prior to the Silurian flooding. The shale identified on top of the Ordovician in the southerly wells is interpreted to represent an Early Silurian flooding event.
Log-motifs and implications of CO 2 seal integrity
The sealing capacity of the Ordovician and Silurian successions constitute a key factor in evaluating the potential of CO 2 storage in the Cambrian sandstone reservoirs in the Baltic Basin. This study shows an Ordovician succession of rock intervals with discrete lithological characteristic that can be related to the sealing properties of the rock itself. In general, the seal integrity of the Ordovician-Silurian is judged to be reliable since it has a total thickness of several hundred meters and consists, to a great extent, of impermeable argillaceous rock types. As a result, the anticipated risk of capillary leakage is low. A good sealing capacity is also inferred from the local occurrence of trapped hydrocarbons in the Miaolingian reservoir sandstone and Upper Ordovician carbonate mud mounds (Yang et al. 2016; Sivhed et al. 2004; Zdanaviciute and Lazauskiene 2004) .
Conversely, the effect of chemical dissolution of the carbonate-dominated Ordovician succession in connection to storage of CO 2 is a risk to consider. However, besides the limestone-dominated O b and O c intervals, the log-motifs in the studied wells show that the Ordovician succession includes argillaceous beds in the O a , O d and O e intervals. The verified regional distribution, consistent log-motif and thickness of the Kinnekulle Bentonite, and the Fjäcka Shale are judged here to be significant barriers that would inhibit extensive dissolution of the Ordovician seal and subsequent leakage through the succession. Besides these intervals the mudstone beds in the O a interval as well as beds of alum shale contribute to the seal resistance to dissolution. This is especially the case in the south of Gotland where the alum shale has a more coherent distribution. Bildstein et al. (2010) also showed, by integrated geochemical modeling, that the impact of dissolution on a homogeneous carbonate caprock is less than a few meters over a period of 10,000 years. These results suggest that dissolution is not a considerable risk factor regarding the integrity of carbonate cap rocks. However, it is important to note that Bildstein et al. (2010) point out that heterogeneities in the rock mass, such as stylolites, vugs, bedding planes, fractures and faults can provide suitable conditions for creating significant dissolution pathways through a carbonate seal. Hence, information on these heterogeneities is essential in evaluating the seal integrity. We can see from the studied cores that micro-fractures, stylolites and irregular bedding planes are more frequent in the O b , O c and O e intervals (cf. Fig. 6b, e and f) . It should also be noted that higher frequencies of micro-fractures and vugs, commonly oil stained, are found in connection to the carbonate mud mounds (Fig. 6b) . The log-based division in this study could therefore be indirectly regarded as a framework for assessing which parts of the Ordovician seal are most sensitive to chemical dissolution. The possibility that fractures and faults could open up and create migration pathways if the pressure in the storage aquifer exceeds the formation integrity of the seal must also be considered. However, dissolution as well as hydraulically induced fracturing are considered to constitute low risks in comparison to leakage related to pre-existing fault zones, which can be found throughout the Baltic Basin (Šliaupienė and Šliaupa 2012). Even though the origin and migration history of the hydrocarbon accumulations within the basin is still not fully resolved, these faults are believed to have constituted the main migration pathways. The main source rock is proposed to be the Furongian-Tremadocian Alum Shale in the south parts of the Baltic Basin (Więcław et al. 2010; Kosakowski et al 2017; Yang et al. 2016) . The Upper Ordovician Fjäcka Shale and Mossen Formation as well as the Llandovery shale have also been assessed as potential source rocks (Zdanaviciute and Lazauskiene 2004) . The subsequent accumulations of oil is interpreted to have formed due to up dip migration, from the deepest parts of the basin, to the north and east during the Devonian (Wróbel et al. 2010) . Fractures and faults are considered to be the most important migration pathways for the oil trapped in the Ordovician mounds during this time period (Yang et al. 2016) . It is likely that some rearrangement of the trapped oil occurred during the Hercynian and Alpine tectonic regimes. Presently, it is unclear whether these interpreted fault-based migration pathways, which have been proposed for hydrocarbon migration, still constitute an integrity problem for the sub-mound Ordovician succession in the Swedish sector.
Finally, the log-motifs show that the basal part of the Silurian is characterized by very high GR values and an evident FDC and CNL offset indicating very argillaceous successions on top of the Ordovician. High GR values also indicate the presence of an extensive, up to 10 m thick shale unit in the southern part of the study area. This is judged to significantly contribute to the sealing capacity of the Ordovician to Lower Silurian succession. Based on these inferences it is possible to elaborate further investigations and evaluations of the sealing properties of the Ordovician succession.
Conclusions
The Ordovician succession displays relatively constant logmotifs in wells on Gotland and in the offshore area south and east of Gotland. The succession is divided into five geophysically unique intervals (O a -O e ). Comparison with core material from Hamra-10, Skåls-1 and Grötlingbo-1 have allowed the correlation of the log-motifs on Gotland to lithofacies and detailed stratigraphic analysis performed on similar strata on Öland, in Östergötland and Estonia. The results show for the first time the significance of the geophysical log data when comparing the Ordovician succession beneath Gotland and the offshore areas with defined stratigraphic successions in adjacent outcrop areas. This prepares the way for further evaluations of the depositional evolution of the Ordovician succession in the Baltic Basin. The improved understanding of the Ordovician sequence in this part of the Baltic Basin and the associated log-motifs also contributes to the knowledge concerning the cap rock suitability of the Ordovician for potential CO 2 storage in the underlying Faludden Sandstone.
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